Upstream ORFs are elements found in the 5′-leader sequences of specific mRNAs that modulate the translation of downstream ORFs encoding major gene products. In Arabidopsis, the translational control of auxin response factors (ARFs) by upstream ORFs has been proposed as a regulatory mechanism required to respond properly to complex auxin-signaling inputs. In this study, we identify and characterize the aberrant auxin responses in specific ribosomal protein mutants in which multiple ARF transcription factors are simultaneously repressed at the translational level. This characteristic lends itself to the use of these mutants as genetic tools to bypass the genetic redundancy among members of the ARF family in Arabidopsis. Using this approach, we were able to assign unique functions for ARF2, ARF3, and ARF6 in plant development.
Upstream ORFs are elements found in the 5′-leader sequences of specific mRNAs that modulate the translation of downstream ORFs encoding major gene products. In Arabidopsis, the translational control of auxin response factors (ARFs) by upstream ORFs has been proposed as a regulatory mechanism required to respond properly to complex auxin-signaling inputs. In this study, we identify and characterize the aberrant auxin responses in specific ribosomal protein mutants in which multiple ARF transcription factors are simultaneously repressed at the translational level. This characteristic lends itself to the use of these mutants as genetic tools to bypass the genetic redundancy among members of the ARF family in Arabidopsis. Using this approach, we were able to assign unique functions for ARF2, ARF3, and ARF6 in plant development.
ribosomal mutants | uORFs | auxin regulation T he phytohormone auxin plays key roles in the initiation and specification of postembryonic organs emerging from the apical meristems, the establishment of the apical-basal axis, and the control of cell identity throughout plant development (1) (2) (3) . In Arabidopsis, the response to auxin stimulus is controlled by a signal transduction pathway that includes at least 23 auxin response factors (ARFs) and 29 Aux/IAA interacting partners that form the complex network that activates or suppresses the transcription of auxin response genes containing auxin response elements (4) (5) (6) (7) (8) . These regulatory elements are responsible for translating the local auxin concentration into specific gene expression outputs and developmental responses (9) (10) (11) .
Being central elements for auxin signal transduction, ARF protein amounts are tightly controlled in a process involving ARF-Aux/IAA protein-protein interactions and an SCF E3 ubiquitin ligase-dependent degradation mechanism (5) (6) (7) (8) (12) (13) (14) . Although this regulatory mechanism provides a robust framework to understand auxin regulation mediated by the activation/ inactivation of ARF proteins, it is limited in terms of explaining the emerging role of specific components of the translational machinery that are required for plant development and proper auxin responses (15) (16) (17) (18) . Translational control has been described as a regulatory mechanism for multiple plant physiological processes, such as polyamine homeostasis (19) (20) (21) , sucrose sensing (22) (23) (24) , and anthocyanin biosynthesis (25) , but the role of this regulatory mechanism in development is still not well established.
Translational regulation relies on several control signals usually located in the 5′ untranslated regions (5′-leader sequences) upstream of the main ORF (mORF), which can act independently (25) or in a coordinated manner (26) (27) (28) . One important signal found in both prokaryotes and eukaryotes is the upstream ORFs (uORFs), which are single or multiple protein-coding elements often found in long 5′-leader sequences (>100 nt) that can repress the mORF through two broad mechanisms: ribosomal stalling and inefficient reinitiation (12, (29) (30) (31) . Different bioinformatic studies have estimated that ∼20-30% of the Arabidopsis genes contain putative uORFs in their 5′-leader sequences (32) (33) (34) (35) , and transcription factors appear to be the most suitable candidates to be regulated through this translational mechanism (36) . However, information regarding the actual number of functional uORFs and the role of this regulatory mechanism in specific signaling pathways is scarce.
Recent studies of a series of ribosome mutants, as well as mutants with defects in translation reinitiation, have pointed toward the auxin-signaling pathway as a candidate for translational regulation through a uORF-dependent mechanism (15, 16, 37) . Specifically, it has been shown using in vivo assays in heterologous cells that multiple ARFs can be translationally regulated through multiple uORFs located on their 5′-leader sequences (16) and that the ribosomal protein RPL24B and the elongation factor eIF3h are important regulatory elements for translational control of the auxin responses (15, 16) . Still, such aspects as whether multiple or single ribosomal proteins are involved in the translational regulation of the auxin responses, the analysis of putative ARF-signaling components regulated through uORFs in their original developmental context, and the potential use of translational mutants for the genetic analysis of the auxin responses remain largely uncharted territory.
In a previous report, we identified the ribosomal protein RPL4A as an important element for the sorting of vacuolar cargoes in a process regulated by auxins (17) . In this work, we analyzed how RPL4A, as well as other ribosomal components, such as RPL4D and RPL5A, modulate auxin responses through the translational regulation of multiple ARF-containing 5′-leader sequences in Arabidopsis. We provide in vivo genetic evidence demonstrating the requirement for the translational regulation of ARFs involving uORFs and for the proper regulation of auxinmediated developmental programs. We also used ribosomal mutants as genetic tools to bypass ARF redundancy to reveal unique functions for ARFs in Arabidopsis development.
Results

Multiple Ribosomal Proteins Share Common Vacuolar Trafficking and
Developmental Defects. In a previous genetic screen aimed at identifying genes involved in protein trafficking toward the vacuole, we isolated the ribosomal mutant rpl4a-1 from a T-DNAmutagenized population in the Vac2 background (Vac2 T-DNA). The Vac2 line contains a CLAVATA3 (CLV3) protein fused with the barley (Hordeum vulgare) lectin C-terminal vacuolar sorting signal (CLV3:CTPP BL ) in the clv3-2 mutant Author contributions: A.R., R.L., and N.V.R. designed research; A.R., R.L., W.v.d.V., and E.H. performed research; N.V.R. contributed new reagents/analytic tools; A.R., R.L., W.v.d.V., E.H., and N.V.R. analyzed data; and A.R., R.L., and N.V.R. wrote the paper.
background. In this line, the CLV3:CTPP BL fusion protein is targeted to the vacuole and does not complement the clv3-2 phenotype. Plants mutated in C-terminal signal (i.e., rpl4a-1) shunt CLV3:T7:CTPP BL to the default secretion pathway, thereby complementing the clv3-2 phenotype (17, 38) . In addition to complementation of the clv3-2 phenotype, rpl4a-1 is characterized by its partial secretion of different vacuolar-targeted cargoes and aberrant auxin-related developmental responses (17, 18) . In this study, we tested whether the vacuolar trafficking defects and aberrant auxin responses were specific for rpl4a-1 or were a common feature of different components of the ribosome. For that purpose, we performed crosses between the Vac2 transgenic line (38) and two ribosomal mutants previously identified by their aberrant auxin responses (39) (40) (41) . As shown in Fig. 1 A and B, the introduction of the rpl4d (SALK_029203) mutant, which is the closest homolog to RPL4A in Arabidopsis (20) , and the rpl5a mutant (SALK_089798) in the Vac2 background caused the reversion of the clv3-2 phenotype; the early termination of floral meristems; and, in some instances (39% for rpl4d and 46% for rpl5a), the formation of pin-like structures (Fig. 1A, Insets) . This result suggested that similar to rpl4a, the rpl4d and rpl5a mutations induced the secretion of the vacuolar-targeted CLV3: T7:CTPP BL cargo (20) .
Once we established that rpl4d and rpl5a behaved similarly in terms of vacuolar cargo secretion, we performed a more detailed phenotypic comparison between them. Early in their development, both mutants displayed narrow, pointed first leaves (Fig. 1C , arrowheads) and retarded growth. The mutants also showed defective establishment of lateral organ boundaries, which causes mild fusions of the cauline leaves to the stem (Fig. 1D) , and displayed defects in vascular development that deviated from the reticulate pattern of the controls (Fig. 1E) .
Based on the extensive phenotypic similarities between rpl4d and rpl5a, as well as with multiple ribosomal mutants independently reported in the literature (37, 41) (Table S1 ), we proposed that a common regulatory mechanism mediated by the whole ribosome, rather than by ribosomal proteins acting independently, regulated both vacuolar trafficking and different developmental programs. Further support for this hypothesis was provided by the nonallelic noncomplementation of the two recessive rpl4d and rpl5a mutants used in this study. In a previous report (17) , we have shown that the F1 progeny from an rpl4a × rpl4d cross displays phenotypes similar to the recessive rpl4a and rpl4d parental lines and suggested that RPL4 haploinsufficiency might be responsible for the observed phenotypes. Interestingly, a similar result was observed when the recessive rpl4d and rpl5a mutants were crossed. As shown in Fig. 1F , although the rpl4d and rpl5a backcrosses with their WT parents generated F1 progenies with WT features, the F1 progenies from the rpl4d × rpl5a cross behaved as if they were alleles of the same locus. Thus, the double heterozygote rpl4d/RPL4D;RPL5A/rpl5a displayed phenotypes similar to those of the single homozygous mutants rpl4d/rpl4d or rpl5a/rpl5a. This result reflected a functional connection between the two independent gene products and indicated that the observed developmental defects were likely due to changes in the protein stoichiometry within the ribosome.
Finally, our phenotypic analysis showed that although the rpl4d and rpl5a mutant phenotypes in the Columbia (Col) background were relatively mild, the introgression of both ribosomal mutations to a Landsberg erecta (Ler) background greatly increased the severity of the observed phenotypes (Fig. 1G) . This result suggested a strong influence of the genetic background on the ribosomal regulatory mechanism controlling those developmental programs.
Ribosomal Mutants Are Altered in Auxin Response Distribution and Sensitivity. Because several rpl4d and rpl5a developmental defects have been described as auxin-related [e.g., pointed leaf, fused stem, aberrant vascular pattern (39-41)], we next explored their potential association with changes in auxin distribution and sensitivity. For that purpose, we analyzed the effect of exogenous auxin on the rpl4d and rpl5a mutants, focusing on well-known auxin-dependent developmental processes, such as primary root elongation, lateral root initiation, and shoot architecture.
Defects in root elongation and lateral root initiation are typical characteristics of many mutants involved in auxin homeostasis or signaling (42) . These features were also observed in the rpl4d and rpl5a mutants grown in control conditions ( Fig. 2A , Upper). To determine whether exogenously applied auxin could restore the defects in root elongation and lateral root development, rpl4d, rpl5a, and WT plants were germinated and grown on Murashige and Skoog (MS) medium supplemented with 100 nM 1-naphthaleneacetic acid (NAA) for 7 d. As shown in Fig.  2A (Lower), the NAA-containing medium promoted lateral root formation in WT plants; however, such treatment failed to rescue the root elongation and lateral root development in the rpl4d and rpl5a mutants. Moreover, the NAA treatment inhibited WT root elongation to a greater extent than it did in rpl4d and rpl5a, indicating that the mutant roots failed to respond properly to exogenously applied NAA.
Next, we evaluated these results using histochemical staining of the auxin-inducible DR5::GUS marker (43) . In shoots, WT plants display an auxin maximum at the tip of the first leaf and DR5::GUS expression becomes diffuse around the margins, inducing a rounded leaf shape. In contrast, at the tip of the rpl4d and rpl5a first leaf, the local auxin maximum was weaker and auxin gradients along the leaf margins were absent (Fig. 2B ). This apparent altered auxin distribution partially explained the aberrant leaf geometry and vascular development defects observed in the mutant backgrounds (44) . In the root of untreated WT seedlings, GUS signal was expressed in the columella, lateral root cap cells, and lateral root initiation sites, whereas the rpl4d and rpl5a mutants displayed slightly decreased GUS signal in those tissues (Fig. 2C ). After treatment with 100 nM NAA for 60 min, the DR5::GUS signal in WT plants was stronger and was observed along the stele compared with untreated plants. In similar assays, the GUS signal was significantly weaker at the root apex, stele, and lateral root initiation sites in both rpl4d and rpl5a mutants compared with WT plants, again suggesting a reduced sensitivity to exogenously applied auxins (Fig. 2C) .
To analyze the effects of the ribosomal mutations on auxin responses at the cellular level further, we used confocal laser scanning microscopy and the DR5rev::GFP marker (2). As shown in Fig. S1A , 5-d-old vertically grown WT seedlings displayed highly localized GFP signal in the quiescent center (QC) and mature columella cells. In contrast, the rpl4a (Ler) and the rpl5a (Col) mutations induced the asymmetrical expansion of DR5-GFP signal in the QC, columella, and lateral root cap cells. This result might be partially explained by the aberrant organization and development of the columella cells, as indicated by staining root structure with styryl dye FM4-64 (<3 min) and the differential starch staining using Lugol (Fig. S1B) . Additionally, severe phenotypes observed in the rpl4a (Ler) background, such as leaf polarity, geometry defects, and altered gravitropic responses, positively correlated with strong disturbances in the DR5::GUS and DR5rev::GFP signals (Figs. S1 A and B and S2 A-C).
These results led us to propose that alterations of auxin fluxes in the ribosomal mutant roots might be responsible for the accumulation of auxins in the epidermal cell layers and the aberrant differentiation of the columella cells. To test this hypothesis, we analyzed the polar distribution of the PIN-FORMED auxin efflux carriers PIN1 and PIN2 (45) in the rpl4d mutant background. As shown in Fig. 2 D and E, the polar distribution of the PIN1::PIN1-GFP (46) and PIN2::PIN2-GFP (47) markers was similar in rpl4d and the WT controls; however, both PIN1-GFP and PIN2-GFP fluorescent signals (Fig. 2 D and E) , as well as the endogenous PIN1 protein amounts (Fig. S1C) , were significantly reduced in the rpl4d mutant background. In the rpl4a (Ler) background, the aberrant gravitropic responses previously described for this mutant (17) were also correlated with a strong decrease of the PIN2-GFP signals, as well as with a reduction of the endogenous PIN2 protein content (Fig. S2 D and E) . However, AUX1, another auxin transporter (48), displayed similar expression patterns in rpl4d and rpl5a mutants compared with the control (Fig. S2F) . These results suggested that the observed root phenotypes in rpl4d and rpl4a might be explained, at least in part, by the reduced auxin transport as a consequence of a reduction in PIN1 and PIN2 proteins but not by a general effect on all the auxin transporters.
Ribosome Regulates ARF5 and ARF7 Protein Quantity Translationally.
A simple model to explain the specificity of the auxin-related phenotypes in ribosomal mutants is that they decrease rates of translation of auxin-response gene transcripts containing uORFs (15, 16) (Fig. 3A) . In a previous report, Zhou et al. (16) performed a broad bioinformatics search of the Arabidopsis Information Resource (TAIR) release 10 database for genes with uORFs in their 5′-leader sequences that might be targets for translational regulation. They found that among auxin-related genes, most ARFs harbor multiple uORFs, whereas uORFs were uncommon among the ARF-interacting partners AUX/IAA, YUCCA biosynthetic genes, TIR1 auxin receptor homologs, and the PIN family of auxin transporters (16) . The enrichment of uORFs in the ARF 5′-leader sequences, which might either encode bioactive peptides with the ability to reduce the translation of the ARFs (Table S2) or regulate their translation in a sequence-independent manner, suggested that these mRNAs might be specific targets for regulation in rpl4d and rpl5a mutants. Therefore, we focused our analysis on different members of the ARF family of transcription factors.
For genes with uORFs in the 5′-leader sequences, translating the uORFs may cause ribosome stalling, which subsequently affects the efficiency of translation initiation in downstream genes (49) . Thus, we first tested whether ribosomal stalling was responsible for the observed phenotypes in the mutant backgrounds. As shown in Fig. 3B and Fig. S3A , the rpl4d and rpl5a mutations only caused minor differences in the polysomal profiles compared with the WT control. Thus, the rpl4d and rpl5a profiles displayed 80S subunit intensity peaks similar to the WT, and no great depletion or accumulation of polysomes from 2 to 5 units in size was observed. There was a minor reduction in the accumulation of a larger number of polysomes in rpl4d, probably due to cell type-specific effects. This result indicated that ribosomal stalling was not the main regulatory mechanism affected in rpl4d and rpl5a mutants. Next, we measured the transcriptional levels of different ARFs and PIN transporters in rpl4d, rpl5a, and WT backgrounds to discriminate between direct targets of the ribosome and secondary effects of auxin deregulation. As shown in Fig. 3C and Fig. S3B , no significant differences in the transcriptional levels of ARFs and PINs were observed between rpl4d and Col, except for PIN2, which showed an approximately 2.8-fold repression in the mutant background. Interestingly, transcriptional repression was also observed for TMO3 and TMO5, two transcription factors acting downstream of ARF5 in the auxin-signaling pathway (50) (Fig. S3B) . Next, we determined the transcriptional levels of the same genes in WT and rpl4d isolated polysomal fractions. As shown in Fig. S3B , all analyzed genes followed similar trends in both total mRNA and polysomal isolated fractions. Thus, the total amounts of PIN2, TMO3, and TMO5 mRNAs, as well as the mRNAs associated with rpl4d translating ribosomes, were reduced to approximately the same extent compared with WT. Based on these results, we concluded the following: (i) The rpl4d and rpl5a mutations did not cause a general defect in the mRNA polysome loading, and (ii) PIN2, TMO3, and TMO5 were not likely to be direct targets for the translational regulation mediated by the ribosome owing to their decreased mRNA levels in both total and polysomal-associated mRNA fractions.
Next, we tested whether the translational regulation of two uORF-containing transcripts (ARF5 and ARF7) that showed no differences at the transcriptional level was affected by the ribosome
the putative ARF5 uORFs fused to GFP (ARF5::3xGFP) (50) and a line harboring a promoter ARF7 construct including the putative ARF7 uORFs fused with GUS (ARF7::GUS) (51). As shown in Fig. 3 D and E, translational repression (indicated by the decrease in the GFP and GUS signals) was induced in the rpl4d and rpl5a mutants compared with their respective controls. This result was further validated by Western blot analysis, which showed a decreased protein level of ARF5 and ARF7 in both rpl4d and rpl5a mutants compared with the control (Fig. 3F) . However, ARF8, which contains no uORFs, displayed a similar signal in rpl4d and rpl5a mutants when detected by Western blot (Fig. 3F) . These results confirmed the presence of a regulatory mechanism at the translational level mediated by the ribosome in both ARF5 and ARF7 transcripts.
ARF3 uORFs Are Partially Responsible for Several Auxin-Related
Defects in rpl4d and rpl5a. Having shown that a regulatory mechanism mediated by ribosomal proteins translationally controlled ARF protein content in vivo, we studied the role of uORFs in this process. For that purpose, we transformed the rpl4d and rpl5a mutants harboring the DR5::GUS marker (Fig. 2 B-E) with a previously reported ARF3 genomic fragment containing either functional or nonfunctional uORFs (15) (Fig. 4A ). As shown in Fig. 4 B-H, transgenic lines harboring the ARF3 genomic fragment with nonfunctional uORFs displayed increased DR5::GUS signal after NAA treatment compared with either rpl mutant alone. On the other hand, transgenic lines harboring the ARF3 genomic fragment with functional uORFs showed no changes in DR5::GUS signal after NAA treatment compared with either rpl mutant alone. At the phenotypic level, ribosomal mutants harboring the ARF3 genomic fragment with nonfunctional uORFs displayed significantly longer roots and an enhanced lateral root number compared with either of the rpl mutants (Fig. 4 B and C) , whereas ribosomal mutants harboring the ARF3 genomic fragment with functional uORFs increased the main root length and the lateral root number to a lesser extent than that observed when the ARF3 genomic fragment with nonfunctional uORFs was used (Fig. 4 E-H) . These results suggested that a uORF-dependent mechanism causing ARF3 translational defects was partially responsible for some of the auxin-related phenotypes observed in rpl4d and rpl5a. However, similar to the rpl mutants, all transgenic lines (with or without functional ARF3 uORFs) showed a pointed leaf phenotype (Fig. 4 B and C, Insets) suggesting that other ARFs might be responsible for this phenotype or that several ARFs act together in determining leaf morphology.
Ribosomal Mutants Uncover Unique Functions for ARFs. Our model for uORF-mediated translational regulation of ARFs (Fig. 5) predicted that ribosomal mutants would be able to decrease simultaneously the amount of several ARF proteins causing multiple auxin-related defects. In accordance with this model, we hypothesized that redundancy among different ARFs might be compromised in the ribosomal mutant backgrounds, and that ribosomal mutants could therefore be used to identify otherwise hidden ARF functions. To investigate this, we performed genetic crosses between the rpl4d and rpl5a mutants and different mutants in auxin-responsive factors, such as arf2, arf3, and arf6, and then analyzed the double mutants for phenotypes not observed in their single-mutant lines. We found unique phenotypes in the double mutant arf2 rpl5a, such as developmental defects in seedlings (Fig. 6A) . The arf2 rpl5a mutants also display phenotypic variability in the rosette leaves, ranging from slightly enlarged leaves with mildly distorted shapes to plants that showed severely distorted and round shapes reminiscent of asymmetrical leaf mutants (52) (Fig. 6B) . These results implied a unique function for ARF2 in seedling development and leaf polarity establishment. The arf2 rpl4d double mutant showed mild phenotypes with a higher rate of distorted and spiral rosette leaves (Fig. 6C) . Both arf2 rpl4d and arf2 rpl5a double mutants showed severely distorted stems (Fig. S4 A-C) , highlighting the previously described role of ARF2 in stem development (51) (Fig. S4  A-C) . The double mutants arf6 rpl4d and arf6 rpl5a showed distorted and spiral rosette leaves, similar to arf2 rpl4d (Fig. S4 D  and F) . Most of the arf6 rpl5a double mutants were smaller than parental lines (Fig. S4F) , and about 10% of them were severely dwarfed (Fig. 6D) , indicating that ARF6 function was essential for proper development. The double mutant arf3 rpl4a in the Landsberg background showed terminated inflorescences (75%), which highlighted a general role for ARF3 in the regulation of the shoot apical meristem development (Fig. 6E) . Interestingly, arf3 rpl4a also displayed prominent organ fusions (85%), which revealed a unique role for ARF3 in organ boundary establishment (Fig. 6F) . In those plants, the combination of shoot apical meristem deregulation and organ fusions caused enhanced branching (Fig. 6G ) not observed in the individual arf3 (CS8556) or rpl4a single-mutant backgrounds.
Together, our results highlighted the importance of the translational regulation of ARFs through uORFs for proper auxin signaling and uncovered the ribosomal mutants as useful genetic tools to assign unique functions for otherwise redundant ARFs. plants with the plasticity to translate complex auxin signals into separated developmental processes (8, 53, 54) . In this context, control of the spatiotemporal expression and stability of the regulatory assembly components are essential to trigger adequate expression profiles from the downstream gene sets.
Multiple studies have shown a strong link between auxin responses and the function of the ribosome. Several ribosomal proteins have been associated with auxin-related developmental processes, such as cell proliferation, cell expansion, and polarity establishment in leaves (39) (40) (41) . Auxins also trigger the coordinate expression of ribosomal protein mRNAs (55, 56) , increase de novo ribosomal protein synthesis (57) , and change ribosomal protein phosphorylation patterns (58, 59 ). In our study, mutations in multiple ribosomal genes caused specific auxin-related defects rather than a nonspecific defect in translation. This suggests that ribosomal components are required as a translational regulatory mechanism to amplify auxin signals. To explain the specific role of the ribosomal proteins in this regulatory network, we proposed a simplified scheme in which specific pools of auxin-signaling components are required for the regulation of different developmental traits, such as root elongation, lateral root emergence, leaf polarity, and boundaries establishment. In this scheme, the auxin stimulus induced the coordinated expression of multiple auxin-signaling and ribosomal components. Next, the ribosome translationally controls the amounts of each auxin-responsive element using regulatory signals situated in the 5′-leader sequence. This translational mechanism would act as an additional regulatory step in auxin signaling to decode complex auxin inputs properly into specific developmental programs.
In rpl mutants, alterations in dissociation of the 5′-leader sequence regulatory elements from the ribosome or during the translational reinitiation of the mORF would likely cause a shift in the available auxin-signaling elements triggering the observed developmental defects. Therefore, the translational regulation of auxin-signaling components would be the primary cause for the specific phenotypes observed in ribosomal mutant backgrounds. Based on results from our study and a previous report (17), we propose a feedback regulation between the ribosome and auxinsignaling elements, where auxins regulate the expression of ribosomal components and the ribosome modulates the translation of auxin-responsive elements. This feedback mechanism might also be responsible for the posttranscriptional differences in the auxin responses reported for different Arabidopsis accessions (60) .
It is also worthwhile to mention that rpl mutants are defective in vacuolar sorting, as has been shown previously (17) . Therefore, it would be of interest to investigate whether ribosomes are involved in nontranscriptional auxin-regulated sorting. Recently, many publications have been devoted to auxin-mediated endomembrane trafficking independent of the TIR1/AFB nuclearsignaling pathway during the developmental process or in its response to environmental stimuli (61) (62) (63) (64) . However, the link between the two auxin pathways is still unclear. The fact that rpl mutants are defective in both auxin signal transduction and endomembrane trafficking raises the hypothesis that ribosomes might integrate auxin regulation in both pathways. Because ribosomes are a molecular protein synthesis factory, it is plausible to speculate that auxin might efficiently use ribosomes to fulfill global and specialized regulation during plant development.
Regulation of ARF Protein Levels Is Mediated Through uORFs. To elucidate the molecular mechanism underlying the auxin-signaling defects observed in ribosomal mutants, we focused on specific features among TIR1/AFB-Aux/IAA-ARF mRNAs susceptible to posttranscriptional regulation by the ribosome. There is a growing body of information in the literature on the posttranscriptional regulation of the ARF transcript abundance by micro-RNA (miRNA) and transacting (ta)-siRNA (6, (65) (66) (67) (68) (69) . These mechanisms are used by the plant for rapid removal of ARFs from cells immediately following signaling (70) . Although it is reasonable to speculate that ribosomal mutations may alter miRNA-and tasiRNA-mediated translational repression of ARFs, our results showed similar amounts of both total mRNA and polysomal-loaded ARF mRNAs in WT and rpl4d backgrounds, indicating that this is not the main cause of the observed phenotypes. Thus, we excluded miRNA-and ta-siRNA-mediated translational repression controlled by our ribosomal mutants as a regulatory mechanism.
A second model of ARF posttranscriptional regulation is based on the presence of uORFs that are cis-regulatory elements in the Ribosomal mutants sense the auxin stimulus and transcriptionally activate multiple uORF-containing ARFs. Those ARFs are properly associated with polysomes but are translationally repressed due to mutations in the ribosome. Whether those mutations alter the dissociation of the ribosome from the uORF or the subsequent translational reinitiation of the mORF is still unclear. As a result of the translational repression of multiple ARFs, the amount of ARF proteins is reduced (colored circles) and auxin-related phenotypes are observed. In this ARF-deprived background, the plants are sensitized and can no longer tolerate the loss of a particular ARF. As a result, arf rpl double mutants can be analyzed to uncover specific ARF protein functions. 5′-leader sequences of multiple transcription factors (including ARFs) (33) , These uORFs can affect their specific interactions with ribosomal components, and, as such, the translation of the mORF (71) . Supporting this model, Nishimura et al. (30) showed that uORFs present in the ARF3 and ARF5 5′-leader sequences impede translation of the mORF in transfected protoplasts and in an in vitro translation system. A more recent study (16) confirmed these results and showed that uORFs are uncommon among TIR1/ AFB and Aux/IAA family members but are a common feature for most of the ARF family members (with striking examples, such as the seven or more putative upstream AUGs identified in the ARF5, ARF6, and ARF11 5′-leader sequences). Moreover, evidence for the direct role of a ribosomal component (RPL24B) in the translational regulation of ARFs by virtue of their specific interactions with mRNAs harboring uORFs was previously reported (15) , and it has been proposed that the coordination between eukaryotic translation initiation factors and the large ribosomal subunit helps to fine-tune translation of the ARFs (16) .
In this study, we showed that multiple rpl mutants reduced the ARF5 and ARF7 protein amounts without changing their mRNA levels. This alteration of protein level is uORF-dependent because ARF8, which has no uORF, showed a similar protein level in rpl mutants. Furthermore, the fact that elimination of the ARF3 uORFs partially rescued some of the auxinrelated phenotypes in rpl4d and rpl5a backgrounds supports that malfunction of the uORF-mediated regulation of ARF3 is at least partially responsible for the phenotypic defects observed in rpl mutants. The weak rescue phenotypes observed in roots could be explained by the low expression of ARF3 in this tissue and the simultaneous disturbance of multiple ARFs in the rpl mutants even though ARF3 restored normal function. Thus, we propose that multiple components of the ribosome, such as rpl4a, rpl4d, rpl5a, rpl24b, and other ribosomal mutants displaying aberrant auxin responses, translationally control ARFs through their uORFs in vivo. In fact, the translational defects of ARF5 and ARF7 observed in rpl4d and rpl5d could explain several of their developmental phenotypes. Thus, the translational defects of ARF5 could be associated with defects in the vascular tissue formation and the root growth (72) (73) (74) , as well as with the transcriptional repression of the ARF5 targets TMO3 and TMO5 together with translational repression of the PIN1-GFP marker. This might increase the tendency for pin-formed floral meristems and cause the observed reduced auxin accumulation in root meristems (1, 75, 76) . On the other hand, the translational defects of ARF7 might be associated with defects in the gravitropic responses observed in the rpl4d and rpl5a ribosomal mutants (74, 77) .
Use of Ribosomal Mutants to Assign Unique Functions to ARFs.
Multiple studies have provided evidence for functional specificities, as well as redundancies, within the ARF family of proteins (51, (78) (79) (80) (81) (82) (83) , which, in our model, would depend on changes in the composition of ARF-AUX/IAA complexes caused by the arf mutations. In most cases, the single arf mutant phenotype was enhanced in the double mutants. In some cases, unique phenotypes, such as the delayed formation of lateral roots in the arf7 arf19 double mutant (82) or decreased jasmonic acid concentrations of arf6 arf8 double-mutant combinations (83), were observed. These genetic analyses have established partially redundant functions for related ARFs but also suggested that different ARFs are functionally specialized. In this complex scenario, where redundancy, target specificity, and preferred interactions with Aux/IAA proteins are involved, we propose an alternative genetic strategy based on the use of different ribosomal mutants for ARF function determination.
In this strategy, ribosomal mutants would enhance defects in auxin signaling by decreasing the translation of multiple uORFcontaining ARFs. Under the condition of rpl mutation, arf mutants are likely to be translationally repressed by upstream uORFs. Thus, although ARFs are not the only targets of RPL proteins, the information gained from the double mutants could be used to uncover hidden ARF functions by increasing the importance of an individual arf mutation in the ARF-deprived background. We provide proof of principle that ribosomal mutants uncover unique ARF functions, such as the role of ARF2 in seedling development and leaf morphology (rpl5a mutant) and the role of ARF3 in boundaries establishment (rpl4a mutant). This strategy demonstrated that different ribosomal mutants could induce different auxin outputs when crossed with the same arf mutant; for example, the double mutant arf3 rpl4a displayed organ fusions and enhanced branching, whereas the double mutant arf3 rpl4d was characterized by its terminated floral meristems.
Thus, in a manner similar to that in which RNAi lines are widely used to silence gene families at the transcriptional level, we propose that the ribosomal mutant collections could be used to silence multiple elements of the ARF family at the translational level and to uncover unique functions for ARFs that are usually masked by their redundancy.
Materials and Methods
Plants are grown under standard conditions. Details of plant materials and growth conditions, GUS staining, microscopy, RNA isolation, and RT-PCR are found in the supporting information. Polysome profiling was performed using freshly ground tissue from 7-d-old seedlings utilizing the differential centrifugation protocol described by Mustroph et al. (84) . 
